The aim of this paper is to reconstruct the evolution of the early to middle Holocene Rhine-Meuse river mouths in the western Netherlands and to understand the observed spatial and temporal changes in facies. This is achieved by constructing three delta wide cross-sections using a newly accumulated database with thousands of core descriptions and cone penetration test results, together with a large set of pollen/diatom analyses and OSL/ 14 C-dates. Most of the studied deposits accumulated in the fluvial-to-marine transition zone, a highly complex area due to the interaction of terrestrial and marine processes. Understanding how the facies change within this zone, is necessary to make correct palaeogeographic interpretations.
Introduction
In the early to middle Holocene, low lying areas (particularly fluvial plains) were transgressed during the post-glacial period of sea-level rise (SLR). Fluvial valleys transformed into estuaries and subsequently into deltas after sea-level rise decelerated in the late Atlantic (Stanley & Warne, 1994) . Globally, extensive research has been performed on the development of estuaries within fluvial valleys during the Holocene transgression (e.g. Allen, 1990; Dalrymple et al., 1994; Dalrymple and Choi, 2007; Frouin et al., 2007) . In the central and eastern part of the Netherlands, the adaptation of the Rhine-Meuse system to the transgression has been documented in great detail for the entire Holocene (e.g. Pons, 1957; Verbraeck, 1984; Tӧrnqvist, 1993; Berendsen & Stouthamer, 2000; Cohen, 2003) . Middle to late Holocene coastal response has also been studied intensively (e.g. Beets et al., 1992; Van der Spek & Beets, 1992; Van der Valk, 1996; Beets & Van der Spek, 2000; Cleveringa, 2000) . However, knowledge of sediment response to sea-level rise near the Rhine-Meuse mouths in the preceding early-middle Holocene is still limited. The facies distribution and sedimentary architecture of early-middle Holocene deposits near the mouths are therefore poorly understood. This is partly due to the depth of the associated deposits: the sediments lie more than 10 m below mean sea level (MSL) and hence data accumulation is difficult and time consuming. Understanding is also poor, because the coastal-deltaic setting of the last 6000 years is quite different than in the first part of the Holocene, making it hard to find modern analogues for early-middle Holocene depositional environments. In particular, the difference in relative SLR (from 8 -10 mm/a in the early-middle Holocene to nearly zero in the late Holocene; Jelgersma, 1961; Van de Plassche, 1982; Hijma & Cohen, in prep.) provide major differences in boundary conditions. Understanding the driving mechanisms behind facies changes during the transition from a Late Glacial fluvial valley to an estuarine system is important for applications involving the subsurface of subrecent coastal plains (e.g. palaeoreconstructions, construction works, water management) and ancient coastal-plain deposits (mining, oil, hydrocarbon exploration, palaeo-reconstructions) .
The aim of this paper is to reconstruct the evolution of the early-middle Holocene Rhine-Meuse river mouth areas in the western Netherlands ( Fig. 1) and to understand the observed changes in facies through time, as preserved at the base of the coastal prism. This is achieved by constructing three delta wide cross-sections using a newly accumulated database with thousands of core descriptions and cone penetration test results, together with a large set of pollen/diatom analyses and OSL/ 14 C-dates. Cross-sectional relationships and environmental indicators were used to identify sedimentary units marking stages of coastal-fluvial transition. Elaborate dating provides ages for these units. Combining age, depth and sedimentary relations gives insight in the timing and celerity of SLR. This integrative, detailed documentation of the early to middle Holocene deposits near the Rhine-Meuse river mouths (this paper) is needed to address the driving mechanisms for changes Fig. 1 . The outline of the study area and location of cross-sections in the western part of the Rhine-Meuse delta, the Netherlands. Positions of inland aeolian dunes, beach ridges, beach plains and Quaternary-active faults according to the Geological Survey of the Netherlands (TNO, 2009) . VDW = study area Molenaarsgraaf of Van der Woude (1983) .The position of two cores that are shown in this paper, but fall outside the line of cross-sections is indicated (Figs 3 and 10). in facies. In a following paper, these mechanisms will be discussed in more detail, together with a comparison of the observed developments of the early-middle Holocene Rhine-Meuse system to existing theories on the development of transgressed fluvial valleys, delta evolution and associated sequence stratigraphic concepts.
Geological setting and lithostratigraphy
This study comprises the area in the west-central Netherlands where the Rhine and Meuse debouched into the North Sea during the Holocene. The study area is located onshore and covers ~50 × 25 km (Fig. 1) . For the larger part, the area is located within the West Netherlands Basin (WNB), an active depocentre of the North Sea Basin (e.g. Ziegler, 1994) . The southwest of the study area is situated on a relatively stable shoulder block of the London-Brabant massif, the Campine High ( Fig. 1 ; Kooi et al., 1998) . A fault zone separates this block from the WNB (Van Balen et al., 2000) , but the exact position of active Quaternary faults in the study area is unknown. Differences in both observed and modelled sea-level rise on either side of the fault zone suggest the fault zone to have displace several metres in the last 20,000 years (Vink et al., 2007) .
Pleistocene
The stage for Holocene sedimentation in the study area was constructed by Late Pleistocene Rhine and Meuse rivers.
During the Early Glacial-Early Pleniglacial (117 -60 ka; all ages in calendar years BP) only the Meuse was active in the study area, thereafter both the Rhine and the Meuse (Zagwijn, 1974; Verbraeck, 1984; Busschers et al., 2007) Van Geel et al. (1980 /1981 . Late Glacial 14 C ages follow Hoek (2001; 2008) , while the Late Glacial calendar ages follow Rasmussen et al. (2006) . Remaining Pleistocene chrono stratigraphy according to Vandenberghe (1985) and Van Huissteden and Kasse (2001) . Lithostratigraphy for the Rotterdam area cf.
Holocene (Pons, 1957; Pons & Bennema, 1958; Berendsen et al., 1995; Schirmer, 1995) . North and south of the LGM valley, aeolian sandsheets accumulated ('coversands'; Wierden Mb., Table 1 , Fig. 1 ). Between 14.5 -9 ka channel belts developed that lowered the valley floor and are characterised by fining upward successions. Climate-driven forcing is invoked to explain the incision and coeval change in fluvial style. In the central Netherlands, in areas of net tectonic subsidence, activity of these channel belts lowered the floodplain some 1 -2 metres below the Late Pleniglacial sur face (e.g. Pons, 1957; Tӧrnqvist, 1998; Berendsen & Stouthamer, 2001) . In the study area, elevation differences between Late Pleniglacial and Late Glacial-Early Holocene valley floors have not been resolved.
The valley floors seem to converge near the present coastline (Pons, 1954; Tӧrnqvist, 1998) . During high discharges thin layers of silty clay loam overbank deposits were laid down (Wijchen Member cf. Tӧrnqvist et al., 1994 ; Table 1 , see also Autin, 2008) .
Deposition of the Wijchen Member (WM) increased in the early Holocene (EH) during the final full meandering phase when floodplain lowering had halted (Busschers et al., 2007) . The Younger Dryas -earliest Holocene meandering channel belts are characterized by deeply scoured channels (Pons, 1957; Berendsen et al., 1995) . An exceptionally deep residual channel fill (~19 m below floodplain) of EH age is known from Schiedam (De Groot & De Gans, 1996) . On the northeastern side of the incisive channel belts, inland aeolian dunes fields (up to 15 m high) developed (Delwijnen Mb., Table 1 ., Fig. 1 ), mainly fed by sand blown out of river beds during low stages of discharge (Pons & Bennema, 1958) .
Apart from climatic forced transitions, glacio-isostatical forcing has been proposed to explain pre-LGM/post-LGM fluvial behaviour (Cohen, 2003; Busschers et al., 2007) and spatial differences in relative sea level rise (Kiden et al., 2002; Cohen, 2005; Vink et al., 2007) . These papers as well as geophysical modelling studies (Lambeck et al., 1998; Peltier, 2004; Steffen, 2006 ) place the study area just south of a zone of maximum peripheral crustal upwarping towards and during the LGM ('fore bulge crest'), and consequently in an area of accelerated subsidence ('forebulge collapse') in Late Glacial, EH and middle Holocene times.
Holocene
Globally, SLR had been ongoing since the end of the LGM (Fairbanks, 1989) , but the location of the study area was only transgressed near the Boreal-Atlantic transition, ~9 ka. The Holocene transgression forced the Rhine-Meuse river system (Echteld Fm., Table 1 ) to change into a complex estuarine system with frequent river avulsions (Pons et al., 1963; De Groot & De Gans, 1996) and several large tidal inlets (Beets et al., 1992; Beets & Van der Spek, 2000) . Associated tidal deposits belong to the Wormer Member (Table 1) . Before ~7 ka the main Rhine-branches debouched in the Rotterdam area, but between 7 -2 ka in the Leiden area. The Meuse debouched in the Rotterdam area throughout the Holocene (De Groot & De Gans, 1996; Berendsen & Stouthamer, 2000) .
After the major landward shift of fluvial deposition in the late Boreal-middle Atlantic, relative SLR slowed down (Fig. 2; Jelgersma, 1961; Van de Plassche, 1982) and since then global sea-level remained approximately constant (e.g. Peltier, 2002) .
Hence it was predominantly ongoing subsidence that contributed to relative SLR in the Netherlands in post-Atlantic times (Jelgersma, 1961) . After the middle Atlantic, the balance between the creation of accommodation space and sediment supply changed in favour of the latter and landward shifting of coastal depositional environments halted. This happened diachronously along the coast as a consequence of variations in sediment delivery. The tidal inlets closed one by one in the next millennia, leaving only the Rhine-estuary near Leiden and the Meuse-estuary near Rotterdam to interrupt the barrier ridges in the study area (Beets et al., 1992) . During the Subboreal, laterally extensive peat-beds (Nieuwkoop Fm., Table 1 ) developed in between the river branches -locally as oligotrophic bogs.
The largest peat volumes occur at the upstream limit of the study area. Since, the Subatlantic marine ingressions (Walcheren Sea-level curve western Netherlands (Van de Plassche, 1982 , 1995 Mb., Table 1 ) increased coevally with human activities such as peat mining and reclamation (Pons et al., 1963; Beets et al., 1992; Vos & Van Heeringen, 1997 
Materials and methods
To facilitate documentation and reconstruction of the build-up of the Holocene succession, three delta wide cross-sections were constructed. The distance between the cross-sections is 10 km and they are situated perpendicular to the valley axis ( Fig. 1 ). The southern part of cross-section A-A' was adopted from Gouw (2002) -all other parts are newly constructed. Berendsen & Volleberg, 2007) . Hand corings were carried out with various drilling devices: Edelman auger, gouge and Van der Staay suction corer (Oele et al., 1983) . They were logged in the field at 10 cm intervals conform Berendsen & Stouthamer (2001 CPT-values for that type of sediment. A sand layer in clay has to be 15 -20 cm thick, while a clay layer in sand has to be 40 -50 cm thick to be distinctly visible in a CPT (Coerts, 1996) . Tӧrnqvist et al., 1992) . For this study a further 57 14 C and 8 OSL dates were obtained (Tables 2 and 3) . For 14 C dating of organic samples, cm-thick slices of sediment were treated with a 5% KOHsolution and then washed and wet-sieved over a 150 μm mesh.
Acquisition of corings and cone penetration tests

Pollen and diatom analysis
From the residue, suitable terrestrial macrofossils were selected using a microscope and submitted for AMS-dating. OxCal 4.0 software (Bronk Ramsey, 1995; 2001) with the INTCAL04-curve (Reimer et al., 2004) was used to calibrate the radiocarbon dates.
Radiocarbon ages of marine shells were corrected for the average marine reservoir effect of 402 years (Stuiver et al., 1986) .
The principles of OSL-dating and its application to fluvial stratigraphy were described by Wallinga (2002) 2003) . Following preheat plateau tests, a preheat of 240° C combined with a cutheat of 220° C was adopted. Net OSL signals were obtained through an early background subtraction method (Ballarini et al., 2007) . With the adopted procedure a given laboratory dose could be accurately determined and recycling ratios were unity. For each sample at least 26 single aliquot equivalent dose estimates were obtained; dose distributions indicated significant overdispersion, which is attributed to incomplete resetting of the OSL signal in some of the grains at the time of deposition and burial. Such heterogeneous bleaching is to be expected for the Holocene samples as the channels are incised in Pleistocene deposits and older sediments were likely redeposited with little light exposure. To obtain a burial dose from the dose distribution, the finite mixture model of Galbraith & Green (1990) was applied, using an overdispersion parameter of 10% (following Rodnight et al., 2006) . OSL ages are obtained by dividing the burial dose by the dose rate;
quoted uncertainties are the one sigma confidence interval and include all systematic and random errors. Additional information on the OSL methods used and the results obtained is available in the OSL-lab report (Appendix 4).
Construction of cross-sections
Each core description has been interpreted and divided into lithogenetic units (e.g. floodplain, levee, tidal flat) and key stratigraphic levels (e.g. peat layers, palaeosols) were noted.
By comparing neighbouring core descriptions, units were either connected or laterally bounded. CPT's were used as complementary data, since they provide indirect observations of lithology only. In the following section, we will describe the used lithogenetic units and applied criteria, followed by additional remarks about the usage of existing detailed data on the Rijswijk-Zoetermeer inlet (Fig. 1 ). systems (e.g. meandering or anastomosing), but evidently also between individual distributaries (Makaske, 2001; Gouw, 2007) . Crevasse deposits share many lithological properties with natural levee deposits. The available information did often not allow distinguishing between these deposits and therefore they were merged into the same unit. 
Fluvial deposits
Fluvial-tidal deposits
In the study area, the presence of wave-dominated estuaries is a-priori known (Fig. 7 ). An estuary is commonly defined as the seaward portion of a river system which receives sediments from both fluvial and marine sources and which contains facies influenced by tide, wave and fluvial processes and extends from the landward limit of tidal facies at its head to the seaward limit of coastal facies at is mouth (Dalrymple et al., 1992) . In estuaries, a transition from predominantly fluvial to predominantly tidal deposits via fluvial-tidal deposits occurs (e.g. Terwindt et al., 1963; Van den Berg et al., 2007) . In this study, fluvial-tidal deposits are defined as deposits of a predominantly fluvial source with a tidal signature, but deposited under predominantly fresh conditions. The fluvial-tidal zone is which they accumulate starts at the landward limit of the estuary and ends at a certain The fluvial-tidal deposits are merged into the newly introduced Terbregge Member (TM) of the Echteld Formation.
Fluvial-tidal channels
Sandy channel deposits formed under predominantly fresh water conditions, but with mud drapes formed during tidally induced flow reversal ( Fig. 8 ). They are indicated by the presence of fresh water shells or the mineral vivianite (Fe 3 2+ (PO 4 ) 2 · 8H 2 O).
Since it is very rare for vivianite to form under brackish/salt water conditions (Fagel et al., 2005) , its presence strongly suggests a fresh water environment. An absence of shells is also an indicator for fluvial dominance as in tidal dominated deposits many shells are often present. Ichnology was seldomly used as an environmental discrimi nation tool, as in most cases it was not mentioned in borehole descriptions. Mapped channel systems with tidal signature that could be connected to fluvial channels upstream were regarded as fluvial-tidal channels. In these situations the sand bodies typically had no marked westward continuation: they grade into finer grained tidal deposits of a central area ( Fig. 7) , known as the 'poor in sand'
zone (Van Veen, 1936; op. cit. Terwindt et al., 1963) that is similar to the central estuarine basin of Dalrymple et al. (1992) .
Fluvial-tidal flood basins
The early to middle Atlantic fluvial flood basins were most likely permanently flooded (Van der Woude, 1983) . In the fluvial-tidal zone water levels in the flood basins were influenced by the tide. This is evident from the distinct layering in the deposits that is not observed in areas upstream.
The deposits can be metres thick and are found over large areas. The silty to sandy clay contains large amounts of layered woody debris (i.e. leaves, twigs, branches; mainly from Salix subspecies; Figs 3, 5 and 9). Pollen and diatom analysis indicate predominantly fresh water conditions although with occasional input of brackish diatoms. The excellent preservation of the organic material is also typical for a fresh water environment.
The lack of soil formation and rooting suggests permanent flooding, subaqueous deposition and little vegetation. Therefore, Fig. 6 . Core B37E0562 (Fig. 17, km 38 flood basin forests within the study area cannot have produced the bulk of the encountered debris. We consider the upstream fluvial-deltaic area as the main source area for the woody debris as large swamp forests were present there (Van der Woude, 1983).
River mouth: tidal deposits
We distinguished three tidal facies-units, namely tidal channels (predominantly sand, Fig. 10 ), sand dominated sub-or intertidal flats (predominantly flaser bedding) and mud dominated sub-, inter-, or supratidal areas (cf. Van der Spek & Beets, 1992; Fig. 11 ). Brackish conditions are dominant, indicated by pollen and diatom analysis and by the presence of brackish water molluscs (e.g. Hydrobia sp., Scrobicularia plana, Cerastoderma sp.). Brackish water molluscs are generally more robust than fresh water species, therefore better preserved and easy to recognize. The muddy tidal deposits consist of greyish blue, sandy clays with many molluscs, occasional stains of jarosite (KFe 3 3+ (OH) 6 (SO 4 ) 2 ) and in more elevated parts numerous phragmites remains. Subtidally deposited silty-clays are often clearly laminated and soft, while intertidal and especially supratidal deposits are stiffer due to periodic wetting and drying and may contain vegetation horizons. Intertidal deposits show strong bioturbation. The clays further contain admixed sea-salt that allows distinguishing it from similar-looking fresh water clays by its excellent, although arbitrary, taste.
The Late Holocene marine deposits (Walcheren Mb.) at the top of the Holocene succession contain similar facies, but these deposits are treated as a single unit, because its details are not the topic of this paper. Fig. 9 . Core B37E0562 (Fig. 17, km 38 Silberhorn, 1999) . In rare cases, swamp forests can grow under slightly brackish conditions (Stortelder et al., 1998) . Fen-wood peat usually forms with mean annual groundwater levels varying between 10 cm above or below the surface (Stortelder et al., 1998) . Fen-peat can form in water depths up to 2 m, but on average forms in mean annual water depths of ~0.5 m (Den Held et al., 1992) .
The basal peat at the base of the Holocene transgression typically lies below fluvial-deltaic flood basin deposits .
Dates from the top of this peat layer provide age control for the onset of fluvial-deltaic aggradation at that position in the transgressed Rhine-Meuse valley. Absence of basal peat can be explained by 1) later erosion or 2) the position of channel belts during peat formation. In the latter case, overbanks deposition or river discharge hindered peat formation. In other words:
absence of basal peat is one of the indicators for the position of EH channel belts. Fig. 10 . Core Hoogvliet (see Fig. 1 ). Above the yellow bracket distinct parallel laminated heterolithic bedding is shown. The succession dates to 7.5 -6.5 cal ka BP. The deposits erosively overly the Kreftenheye Formation (KF). Fig. 11 . Core B38A01846 (Fig. 13, km 35 ). Above the yellow bracket, a shell lag is visible at the base of clayey tidal basin deposits overlying a freshwater peat. Note the homogeneous character of the marine deposits.
Calibrated ages in ka BP are depicted in white (shell dates are corrected for the marine reservoir effect).
Rijswijk-Zoetermeer tidal inlet
In the study area, deposits marking or flanking the former Rijswijk-Zoetermeer tidal inlet ( Fig. 1 ) have been studied in considerable detail, amongst others in temporary outcrops (Van der Valk, 1996; Cleveringa, 2000; Van der Spek et al., 2007) . The 2.5 km wide inlet had its maximum size between 6.8 -6.4 ka, just before the transition from barrier retrogradation to barrier progradation. Detailed palaeo-ecological analyses near its land ward boundary ( Fig. 12 ) indicate that there was no connection to a river branch (Raven & Kuijper, 1981) . The barrier, behind which the Rijswijk-Zoetermeer deposits accumulated, runs southwestnortheast in the direction of Hoek van Holland (Fig. 1 ). Associated tidal inlet, washover, beach plain, shoreface and aeolian deposits have been described in detail (Van der Valk, 1996; Cleveringa, 2000; Van der Spek et al., 2007) . The scale of our cross-sections did not allow distinguishing between these deposits.
Drawing of time lines
As an additional step, time lines were drawn in the cross- the interpolation provides maximum ages for the start of eutrophic peat formation at given depths, because the base of the peat marks past groundwater tables. Due to compaction, it is likely that observed peat at any given elevation is somewhat younger than the groundwater model predicts. 
Naming of fluvial channel belts and tidal inlet systems
To name the nested incisive channel belts recognized within the Late Glacial-EH valley, we partly adopted the convention of The key to the cross-sections is shown in Figure 14 . The combination of 'H-' with a number refers to an internal report of TNO (Appendix 1). References to radiocarbon dates within the cross-sections are indicated by italic numbers between brackets ( and accompanying number corresponds with the numbering of channel belts by Berendsen & Stouthamer (2001) . Based on the cross-sections, a schematic overview of channel belt positions is given in Figure 15 . In a following paper, the palaeogeography of the study area will be addressed in more detail. The younger strata are treated briefly, as they are not the focus of this paper.
Description and discussion of the cross-sections
Cross-section A-A'
The cross-sections can be downloaded as supporting online information (Appendix 5). 
Late Glacial and early Holocene rivers
Atlantic aggradation
Widespread, but diachronous, basal peat formation marks the transition to lagoonal-deltaic sedimentation in this area. (1983) for an area ~15 km upstream (Fig. 1) . At km 27 a sand sheet (105 -150 μm; 14 -12 m -O.D.) of ~1 -2 m thick and ~1 km wide is interpreted as the infill of a flood basin lake.
The clastic flood basin deposits often show a distinct light-dark banding (Fig. 4) . The darker bands are relatively rich in diatoms and can be associated with spring bloom (H-2, App. 1). If true, it suggests rapid sedimentation. Segment 7 -8 m in Figure 4 would have been deposited in only 24 years. 38, 45, 48) . It indicates that northerly fresh water flood basins kept receiving steady input of river discharge throughout the early Atlantic.
The majority of the earliest aggrading Rhine-channels (~8.5 -7.5 ka) is concentrated north of Rotterdam between km 24 -34. Additional channels have been recognized at km 6.5 and between km 12 -16. Considering their position, the three most southern channel belts are attributed to the Meuse. Around 7.7 ka the main Rhine discharge shifted northwards due to an avulsion ~8 km upstream of section A-A' (Bosch & Kok, 1994) .
The new resulting channel belt was positioned within the cover sand area (km 36 -44; the three sand bodies between km 38 -41 are the same winding channel belt). The area of the former main river system was left occupied by secondary channels only, and was fully abandoned around ~6.9 ka (channel belt at km 30.5). Widespread peat formation and humic clay deposition started in the flood basins between km 3 -30, evident from a discontinuous organic bed at 10 m -O.D. The onset of this situation is dated ~7.5 ka (15, 31, 41, 47, 49) and is related to , 17, 39, 144, 145 Fig. 14. Key to the cross-sections (Figs 13, 16, 17) . Lithostratigraphical nomenclature as in Table 1 , with partial lithogenetic subdivisions -see text for discussion. open water and tidal flats (H4-6). The associated, mainly clayey, transgressive deposits often erosively overlie the peat with a lag deposit of Cerastoderma and Hydrobia shells (Fig. 11) with wave-action within the tidal flood basin most likely as the erosive agent. The lag is widespread and can be interpreted as a bay ravinement surface (cf. Reynaud et al., 1999) . Dates from the shells and the underlying peat yield ages of 6.3 -6.2 ka for this subregional ingression (38, 43 -46, 48, 141, 142) . Small sandy tidal channels were encountered between km 31 and 34.5 that can be traced to a south-westerly source area in the digital elevation data (Fig. 12) . These channels do not connect to the Rijswijk-Zoetermeer tidal system, but probably connect to a tidal inlet west of Rotterdam, i.e. the estuary of the Meuse. In between the two tidal inlet systems, a low tidal watershed must have been present ( Fig. 12 ; further discussed below). In the late Atlantic, the tidal basins started to fill in and widespread peat formation started between 5.5 -5 ka (Van der Valk, 1996) .
30
Two channel belts at km 3 and 7.3 mark the position of Meuse-branches between 7.5 and 6.5 ka. The channel at km 7.3 is the downstream continuation of the Gorkum-Arkel (#52) channel belt, dated 7.4 -6.4 cal ka BP ~30 km upstream (Tӧrnqvist, 1993 Rhine started a stepwise shift of its main discharge towards the Meuse-estuary after ~2 ka (Berendsen & Stouthamer, 2000) . 
Cross-section B-B'
This cross-section (Figs. 1, 16) 
Late Glacial and early Holocene rivers
South of km 5 and north of km 45, sandy aeolian deposits of Late Glacial age overlie Pleniglacial Rhine-Meuse deposits (Busschers et al., 2007) . In between, the Late Glacial-EH suspected to border the WNB (Fig. 1) Fig. 16. Cross-section B-B', part 1. For legend, Fig. 16. Cross-section B-B' , part 2. For legend, see Fig. 14. flat sand body is present with a decalcified top. We interpret it as a dune, formed at the northern limit of Late Glacial/EH Rhine activity.
Evidence for earliest, slightly aggrading rivers was found in a construction pit in Rotterdam (km 27 -29; Cohen & Hijma, 2008) . The top of the channel belt deposits (HR-d) undulates irregularly in this area, but is on average somewhat higher than the older channel belt surfaces to the north. OSL (f -h) and
radiocarbon (72) 
Atlantic aggradation
Channel belts at km 30 -32.5 and km 39 -41 mark the position of the main Rhine-branches between 8.5 -7.7 ka. The channel belt deposits are stacked and have thick natural levee deposits.
Between the belts widespread peat formation started just before 8 ka (53, 57, 64, 65, 77) . Fig. 13 and was most likely at some point also linked to channels at km 4 and km 7.5 in that same cross-section. South of km 7, salt marshes were present.
To the north, widespread peat formation started between 6.5 -5.5 ka. Over most of the section peat formation appears to have started before 6 ka, simultaneous with the onset in Figure   13 . North of km 18, phragmites peat was formed instead of wood peat. Further developments as in Fig. 13 .
Cross-section C-C'
This cross-section (Figs 1, 17) is 73.5 km long and is based on In the WNB the basal peat on top of the WM has been dated 9.4 -9.0 ka (98, 111, 146) . On the southern block two dates south of km 29 give younger ages of ~8.8 ka (92, 93),
suggesting that peat formation started earlier in the WNB than on the southern block due to lower elevations (relatively more subsidence). More dates are needed to resolve this issue. Buried inland dunes occur between km 27 -33, adjacent to EH channel belts (HM-a and HR-a) and overlying the WM.
At km 23 -27.5, a Meuse channel belt is present. About 500 m upstream of the line of section (core B37G0548), a clastic channel fill within this channel belt was described (H-1, see also Busschers et al., 2007) . The base of the fill has been OSLdated at 10 -11 ka (n, o); a peat at the top of the fill at ~8.8 ka (92, 93) . The youngest phase, HM-a, is probably situated at km 26 -27.5, because there the WM appears absent.
Atlantic aggradation
In Section C-C' aggradation started shortly after ~8.7 ka (92, 93). On the higher elevated cover sand areas, aggradation did not start before 7.7 ka (86, 136, 138) . The oldest aggrading GrN-13471; 4395 ± 40; 5262 -4855 100. GrN-13472; 4965 ± 40; 5875 -5601 101. GrN-13473; 5730 ± 40; 6638 -6414 102. GrN-13474; 6335 ± 45; 7415 -7166 103. GrN-14445; 7265 ± 45; 8176 - 112. GrN-12847; 4580 ± 45; 5448 -5057 113. GrN-12846; 5350 ± 80; 6290 -5942 114. GrN-12848; 5610 ± 70; 6565 -6283 115. GrN-12849; 5560 ± 60; 6475 -6221 116. GrN-13490; 5390 ± 60; 6293 -6001 (maximum thickness ~7 m; average thickness ~4 -5 m, appears longer in cross-section than in plan view). The top consists of very fine sands (110 -150 μm) and the sands contain frequent clay laminations and organic detritus, occasional beds of coarser sand and shell fragments (Fig. 8) . This sandbody is interpreted to represent a bay-head delta (as in Fig. 7 , fully treated in the discussion section; for location see Fig. 15 ). The bay-head delta can be connected to upstream channel belts # 53/204 (km 32 and 41, Fig. 16 ). Fresh water conditions at this position during this time are evident from vivianite stains and diatom analysis (H-3; below 10.5 m -O.D. at km 61). The bayhead delta was abandoned following the 7.3-ka avulsion that established channel belt #177 (see description of Figure 13 ). In the former bay-head delta area a shallow tidal basin existed afterwards that silted up rapidly and discontinuous peat formation started after ~6.9 ka (110).
Narrow tidal channel belts at km 65.5 -68 (9 m -O.D.)
presumably link up to channels at km 45 -49 in Fig. 16 119, 120, 124, 125) . Sandy deposition of the 
Discussion
Earliest Holocene fluvial evolution
The Wijchen Member in the western Netherlands
The WM comprises overbank deposits of Late Glacial and in particular EH Rhine-Meuse channels Figs 13, 16, 17) . This is evident from its thickening in the vicinity of these channel belts. In the study area, the bulk of the WM was deposited during the EH (Busschers et al., 2007; this paper) .
Dark floodplain palaeosols occur in the top of the WM (e.g. Tӧrnqvist et al., 1994; Autin, 2008 
Cause for early Holocene entrenchments
Rhine discharge in our study area was split over two parallel running channel belts until the late Boreal (Fig. 15 ). Channel Gans (1996) after Roep et al. (1975) and Smith (1985) suggested a relation with the breach of the Dover Strait, but this occurred during pre-Weichselian glacials (Gibbard et al., 1988; Gupta et al., 2007; Busschers et al., 2008 ). An interesting new finding is that the deeply entrenched systems are most likely all situated outside the West-Netherlands Basin on the southern slower subsiding area underlain by the London-Brabant massif (Fig. 1) . This is suggested by the presence of an active fault immediately upstream from the Schiedam entrenchment (Figs 1, 16, 17 ).
This would have led to more scour than in the WNB, although the differential scour depth can be at maximum the difference in subsidence, in this case only a few metres. It can therefore 
Boreal inland aeolian dune formation in the western Netherlands
The cross-sections traverse several inland aeolian dune fields.
Large aeolian sheets (~2 m thick), with an occasional higher dune, are present over considerable areas, which was not realised before. Past mapping restricted the extent of dune fields to the direct vicinity of known higher dunes and presumed Younger Dryas to earliest Holocene ages (e.g. Bosch & Kok, 1994) . This study shows that some dune fields of modest height, but considerable extent, date from the late Boreal (reproducing a local observation of Pons & Bennema, 1958) .
This follows from date 72 (Oxcal mean 9306; Fig. 16, km 28) below an observed dune in a construction pit and date 71 (OxCal mean 9175) from a residual channel fill of a channel that dissects the same dune. Dune formation therefore occurred between 9.3 and 9.2 cal ka BP and is tentavily related to the recorded 9.3 ka BP cooling event (Von Grafenstein et al., 1999; Marshall et al., 2007; Rasmussen et al., 2007) . Boreal aeolian activity can also be inferred from the admixture of in-blown sand in Boreal deposited parts of WM (Van der Woude, 1983 
Estuarine evolution: bay-head delta formation
Between 8 and 7.3 ka, a 3 -4 km wide and ~4 -5 m thick sand body was deposited near Delft (Delft sands, km 39 -46, Fig. 17) that can be connected to upstream fluvial channel belts, strongly suggesting a fluvial source for the sediment. This is also apparent from the predominantly fresh water depositional environment, evident from vivianite stains and diatom analysis.
Based on the deltaic geometry ( Fig. 15 ), the presence of tidal structures and brackish-water fauna, the fluvial source and the stratigraphic position between fluvial deposits below and tidal basin deposits above, we interpret the Delft sands as a bayhead delta deposit formed in the upper estuary (see also Fig.   7 ). Unfortunately, most cores end in the top of the sand body that is only fully penetrated by a few cores. The top of the sand body generally consists of very fine sands (110 -150 μm). Too little information is available to describe the upward trend in grain size within the sand body, although core B37E570 (Fig. 8) seems to show a fining upward succession. Generally though, bay-head delta's show an overall coarsening upward succession (Boyd et al., 2006) . Possibly the fining-upward unit represents a bay-head delta distributary channel. However, during rapid SLR and continuous rapid landward migration of the whole estuarine system, it can be imagined that a bay-head delta succession may show a general fining-upward trend.
The formation of the delta means that little sand reached the open sea and hence hardly any fluvial sand was available for alongshore transport and barrier formation. Seaward of the bay-head delta and seaward of Fig. 17, a is striking that at the river mouths of the younger channel belts #177 and #133 no bay-head deltas have been recognized.
If they existed, a lack of corings near the mouth of #177 is the most likely explanation for not encountering it. The bay-head delta of #133 would have been largely reworked during subsequent progradation of the channel belt and very poorly preserved and hard to recognize.
Conclusions
Our integrative approach allowed reconstructing the age, tidal 
